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Introduction
Inproximalrenaltubulesagreatvarietyoffilteredsub-
stancesarereabsorbedtopartiallyorfullyescapeurinary
excretion.Theentryofthesubstancesintotheproximal
tubulecellsisaccomplishedbytherespectivetransporters
in thebrush-bordermembrane.Thetransportershave
previouslybeenidentifiedandcharacterizedbymicro-
puncturetechniques[1,2],perfusionof isolatedtubules
[3]andbystudyingbrush-bordermembranevesicles[4-
6].Furthermore,electrogenictransportsystemshavebeen
analyzedwith electrophysiologicaltechniques[7, 8].
These xperimentsallowedtheidentificationoftransport
specifities,location,kineticproperties,couplingratios,
drivingforces,regulation,etc.of thetransportsystems
[9].
In thepastfewyearsanotherdimensionof transport
analysishasbeenachievedbythecloningandexpression
ofdistinctransporters[10].Thus,thestudyofproximal
renaltubuletransporthasnowbecomeamenableatthe
molecularlevelandexperimentsarebeingdoneaimingat
understandingthestructure-functioncorrelationof the
transporters.
Thepresentpapereviewsrecentelectrophysiological
studiesonseveralclonedrenaltransportproteins(fig.1).
Themethodsof molecularbiologyarenotdealtwithin
detailhere.
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Fig.1.Transportproteinswithidentifiedmolecularstructurein
proximalrenaltubulesproducingelectrogenictransport.Theabbre-
viationforthetransportersareexplainedinthetextfortherespective
transporters.
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Methods of Analysisof ClonedTransporters:
Advantageous Use of Voltage Clamp Studies in the
Xenopus Oocyte ExpressionSystem
In thepast.theXenopllsoocytexpressionsystemhas
provenusefulfortheexpressionfcloningandcharacter-
izationof a numberof proteins,includingmembrane
receptors,ionchannelsandtransportproteins[11].Onc'e
thegenencodingaspecificproteiniscloned,theinvitro
synthesisof cRNA of suchproteinscanbeperformed.
Injectionof in vitrosynthesizedcRNA resultsin the
expressionof therespectiveproteinsin theinjected00-
cytes.Themainadvantageoftheoocytexpressionsys-
temfor thestudyof identifiedmembraneproteinsis
obvious:Theexpressionof endogenousmembranepro-
teinsin Xenopllsoocytesis usuallyinsignificantlyow
comparedtothehighexpressionofexogeneousproteins
aftercRNA injection.Advantagehasalreadybeentaken
ofelectrophysiologicaltechniquesforthestudyoftrans-
portprocessesintheproximalrenaltubule[12-16].How-
ever,theendogeneousexpressionoftransporterssuchas
phosphateor sulfatetransportis lowandlargelycon-
cealedbyendogeneousionchannelsandotherelectrogen-
ic transportprocesses.Asillustratedinthisreview,these
transporterscanbeexpressedinoocytesinconcentrations
yieldinghightransport-relatedcurrentsthusfacilitating
theanalysisofthesetubulartransportprocesses.Themost
commonwayofstudyingexpressedtransportproteinsis
thestudyof radioactivesubstratetransport.Although
suchtracerstudiesarehighlysensitiveandhavebeen
extremelyusefulfortheexpressioncloningofanumberof
transporters,therearea numberof dissatisfyingdisad-
vantagesofthismethod:(l) Individualoocytesproducea
variablexpressionoftransporters,causedbythediffer-
entsizeof theoocytesorbyasomewhatvariablecRNA
injection.Becauseoneoocytecanbeusedonlyforone
transportmeasurementunderagivencondition,avari-
ableexpressionconsequentlyresultsinascatteroftrans-
portdata,whichcomplicatesa cleanquantitativede-
scriptionof substratetransportandregulationthereof.
(2)Transportstudiesareperformedundernon-voltage-
clampconditions,whichmeansthatthemembranepo-
tentialof theoocyteis variable.However,individual
oocyteshaveindividualrestingpotentialsandanumber
of transportersareknowntotransporttheirsubstratein
anelectrogenicandvoltage-dependentfashion.Conse-
quently,avoltage-dependenceoftransportmediatesdis-
tincttransportratesindistinctoocytes,andelectrogenic
transporti selfaltersitsownrate.Whenperformingvol-
tageclampin Xenopusoocytes.thesedisadvantages
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amongotherscanbeavoidedforelectrogenictranSport
systems.Usingthistechnique(summarizedinfig.2),it is
possibletoperformacompleteseriesofexperiments,such
asa substratekineticor transportegulationwithinone
oocyteatgivenmembranepotentials.Consequently,the
resultscanbequantitativelyanalyzedin greaterdetail.
becausethelevelofexpressionorthemembranepotential
cannotperturbtheresults.
A caveatmustbekeptinmindduringinterpretationf
electrophysiologicaltr nsportdata:thetransport-induced
currentcannotbetranslatedwithoutreservationsinto
transportof substrate.Thus,theeliminationof current
doesnotnecessarilyndicatecessationoftransportandan
increaseofcurrentmayreflectanincreaseofchargecar-
riedalongwiththetransportedsubstrate.For instance,
phosphatemayapparentlybetransportedinthedivalent
andthemonovalentform,i.e.theunitchargecarriedby
eachtransportedphosphatemaybeeitheroneortwo(see
below).A comparisonof isotopetransportstudieswith
electrophysiologicaldataindeedrevealsanyvariabilityof
chargetransferandallowsdeeperinsightintothetrans-
portmechanismthaneithertechniquealone.According-
Iy,withelectrophysiologicalanalysisadditionalcritical
informationcanbe gainedaboutthemechanismsof
transport.
ProceduresofElectrophysiologcalAnalysisin Xenopus
Oocytes
Voltageclamprecordingcanbeperformedforallelec-
trogenietransportsystemsabout2-8 daysaftercRNA
injectiontowarrantsufficientexpressionof thetransport
proteins.In voltage-clampexperimentstheintracellular
membranevoltageisclampedatagivencommandpoten-
tial (usuallyaroundtherestingpotential).If anexpressed
transportsystemis electrogenic,thesuperfusionof the
respectivesubstrateresultsin theinductionof acurrent.
A generalschemedescribingthetechniqueisgivenin fig-
ure l. As thesampieratefor slowsubstrate-inducedcur-
rentscanbeverylow,thesignalscanbefilteredstrongly
to avoid electricaldisturbances.This rathersimpleap-
proachisefficientindeterminingthegeneralpropertiesof
thetransporters,suchasthesubstratekineticsor up-and
down-regulationbyspecificsecondmessengers.
Besidessteadystatevoltageclampstudiesthereare
more sophisticatedvoltageclamp approachesto gain
informationaboutthevalenceoftransportproteinsin the
membraneandtheroleof membranevoltageinsubstrate
bindingandtranslocation[17-19].Forsuchexperiments,
anextremelyfastcontrolof themembranevoltagemus!
be achievedto producereliablemeasurementsof the
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Fig.2.ThevoltagecIampmethod:Xeno-
pliSoocytesgetinjectedwithcRNAencoding
thetransportproteins.Inoocytesexpressing
electrogenictransportsystemsthesuperfu-
sionofoocyteswiththerespectivesubstrates
inducescurrentsinthevoltagecIampconfig-
uration.
membranecapacitanceandcurrentsinducedbyconfor-
mationalchangesof thetransportproteinwithinthe
membrane.
Electrophysiology of DefinedTransporters
Na+Coupled GlucoseTransportvia SGLT-Type
Transporters
Proximalrenaltubulartransportof glucoseis well
establishedasanelectrogenictransportsys em.drivenby
theelectrochemicalgradientforNa+.Fromstudieson
brush-bordervesiclestheexistanceoftwotypesof renal
glucosetransportershavebeenpostulated:ahigh-capaci-
ty,low-affinitysystemhasbeenshowntocouplethetrans-
portofoneNa+tooneglucose,alow-capacity,high-affin-
ty systemcouplesthetransportof 2 Na+withoneglu-
cose.
Thefirstglucosetransporter(SGLT-I) wasoriginally
clonedfromrabbitintestine[20].An almostidentical
cDNAwaslaterclonedfromrabbitkidney[21,22],indi-
catingthatalmostthesameproteinis expressedin the
kidney.In 2 patientswithglucose/galactosemalabsorp-
tion,apointmutation(exchangeofaspartateoasparag-
ineatposition28)hasbeenidentified,explainingthedis-
orderatthemolecularlevel[23].Thesechildren,how-
ever,didnotdisplaygrosslyabnormalrenalglucosetrans-
port,indicatingthatatleastoneadditionalglucosetrans-
portermustoperateintheproximalrenaltubules,which
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injeclion inlO.
Xenopllsoocyles
command
Two microelectrodevoltage-clamp
is capableto maintainproximaltubuleglucosetransport
in theabsenceofintactSGLT-I. Nevertheless,SGLT-I is
likelytoparticipatein proximaltubularglucosereabsorp-
tion. Recently,a membraneassociatedproteinhasbeen
clonedregulatingtheactivityof theglucosetransporter
[24].
In Xenopus laevis oocytesexpressingSGLT-I, extracel-
lular glucoseleadsto a depolarizationof thecellmem-
brane,asexpectedfora transportsystemcarryingaposi-
tivecharge.In voltage-clampedoocytes,additionof glu-
coseindeedinducesan inwardcurrent(IG).Steadystate
kineticanalysis[18,19]andrelaxationkinetics[17]have
been performedand yieldedthe transportmodel, in
whichtwoNa+ionsbind to thecarrierprior toglucose.
ThecarrierbindingsiteforglucoseandthetwoNa+ions
(SCNa2)are translocatedinto the celloFollowingthe
releaseofglucoseandthetwoNa+ions,theemptycarrier
bindingsite(C) is translocatedtowardstheextracellular
sideof thecellmembrane.Movementof boththeempty
carriersite(C) andthecarriersitebindingglucoseand
Na+is in theoryreversible,thesteepelectrochemicalgra-
dient for Na+into thecell,however,drivesthecharged
carriersiteintothecel!.Besidesemptyandfullycharged
carrier,the carrierbindingNa+only can traversethe
membrane.Since transientchargetransfersare elimi-
natedbysugars,onlythetranslocationof theemptycar-
rieracrossthecellmembraneandthebindingofNa+are
consideredtoparticipatein thechargetransfer.
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Fig. 3. Phosphate-inducedcurrents in oocytesexpressingthe
NaPi-2. a Superfusionwith Pi resultsin inwardcurrents,which are
dependenton bothextracellularPi (upperpanel)andNa+concentra-
tions(towerpanel).bSimplifiedmodelfor Na+/Pjcotransport,which
involvesbindingof 3Na+andonePi ontheluminalsideandtranslo-
cationofthe substratestotheinsideofthecell.Bothmonovalentand
divalentPi aresubstratefor NaPj, and H+interfereswith Na+bind-
mg.
Na+CoupledTransportoJlnorganicPhosphate(Pi)
viaNaPi-TypeTransporters
Renalproximaltubularphosphatetransporthaspre-
viouslybeendescribedto involvea Na+-coupledprocess
at thebrush-bordermembrane.The couplingratiowas
thoughttobe2:l, whichwouldsuggestanelectroneutral
transportofdivalentPj.Thetransportrateis modifiedby
phosphate,acid baseand electrolytebalanceand regu-
latedbyagreatvarietyofhormones[25,26].
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Recently,rabbit(NaPj-1[27]).rat(NaPj-2[28])and
human(NaPj-3[28])renalNa+/Picotransportershaye
beenidentifiedbyusingtheX. laevisexpressioncloning
system.The proteinsexpressedby NaPi-l areindeed
incorporatedintothebrush-bordermembraneandin-
deedmediatetransportacrossthismembrane[29-31].
NaPj-2andNaPj-3arehighlyhomologous,whereasthe
sequenceofNaPj-l isclearlydistinct[27,28].
Paralleltorenalproximaltubularphosphateransport
contentofspecificmRNAandproteinofNaPj-2(rat[32]:
BiberandMurer[unpubl.])is increasedby dietaryPi
deprivation.In contrast,NaPj-l mRNA provedto be
insensitivetoa phosphatediet[33].In a hypophospha-
temicmousemodel(Hypmouse[34])thecontentofNaPi-
2-relatedmRNAandproteinisreducedagainparaIleling
renaltubularphosphatelossinthoseanimals.Thus,NaPi-
2-mediatedphosphatetransportprobablyaccountsfor
alteredrenalphosphatehandlinginthoseconditions.
In X. laevisoocytesexpressingNaPi-2,extraceIlular
phosphatel adstoadepolarizationfthecellmembrane.
asexpectedfor a transportsystemcarryinga positive
charge[35].Involtage-clampedoocytes,additionofphos-
phateindeedinducedan inwardcurrent.(Ip; fig.3a),
dependingonbothextraceIlularconcentrationfNa+and
Pi.ThusNa+mustbecarriedinexcessofnegativecharge.
A kineticanalysisof theNa+and/orPi concentration
dependenceof Ipsuggestedindeedastoichiometryof3:1
(Na+:PJAccordingly,thecarriermovestwochargesdur-
ingtransportof monovalentphosphateandonecharge
duringtransportofdivalentphosphate.
Na+/Pjtransportis weIlknownfor itsregulationby
extemalpH,andtherehasbeenacontroversyabouthe
mechanismofhowlowpHinhibitstransportandwhether
bothmono-anddivalentPjcanbesubstratefortheNa+/Pi
cotransporter.F omelectrophysiologicalanalysis[35],it
becameclearthattheNa+affinityforthetransporteris
dramaticaIlydecreasedat lowpH, probablyaccounting
formostofthepHeffect(fig.3b).Further,adecreaseof
pH inhibitsPj-inducedcurrentsto a lesserextenthan
transportoflabeIledphosphate.Inaddition,atlowPicon-
centrations(0.01-0.03mM)therewerenodifferencesob-
servedforIpatpH 6.5-7.5.Taken,together,theseobser-
vationsuggestedthatbothmono-anddivalentPj are
substrateforNaPj.Thequantitativedifferenceof trans-
portandcurrentinhibitionbyacidificationcanbeac-
countedforbyanincreasedtransportofmonovalentPiat
lowpH,resultingindoublingtheinducedcurrentforthe
transportofonePimolecule.
BesideregulationofNaPi-2expressionbyalowPidiet,
thefirststudieswerecompletedonthefunctionalroleof
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NaPj glycosylation[36]andproteinphosphorylationvia
proteinkinasesA and C (unpublishedresults).Protein
glycosylationin the extracellularegionseemsmainly
responsiblefor asufficienttransportandinsertion01'the
transporterintothemembrane,whileotherpropertiesof
thetransportersuchasPi or Na+kineticdid notseemto
bealteredin transportermutantslackingtheglycosylation
sites.However,while Pj-inducedcurrentsthroughthe
wild-typeNaPj werestronglyvoltage-dependent,thevol-
tagedependencyof suchcurrentsthroughthe mutants
lackingglycosylationwasmuchweaker[unpubl.results].
This couldindicatea roleofglycosylationforthetranslo-
cationof thesubstrates.
Na+CoupledTransportofInorganicSulfate(Si) via
NaS,-Type Transporters
Transcellulartransportof sulfateis accomplishedby
Na+-coupleduptakeacrossthe brush-bordermembrane
andprobablybyanionexchangeacrossthebasolateralceIl
membrane[37]. The Na+/sulfatecotransporterat the
brush-bordermembranehasbeenshownto interactwith
oxyanionssuchasthiosulfateandselenate,but notwith
phosphate[38-42].KineticanalysisrevealedaHili coeffi-
cientexceedingunityforNa+.Thus,it hasbeenconcluded
thatthetransportofsulfateiscoupledtotwoNa+ionsand
isofelectroneutralcharacter.
Recently,aNa+-dependentsulfatetransporter(NaSj-l)
has beenclonedfrom rat kidney [43], which - upon
expressionin oocytes01'X. laevis- displayskineticsand
substratespecificitycharacteristicfor proximaltubule
sulfatetransport.The NaSjtransporterhassubsequently
alsobeenstudiedin voltageclampexperimentsand a
number01'surprisingobservationsweremade.
Superfusion01'X. laevisoocytesexpressingNaSj is1'01-
lowedbyadepolarization01'theceIlmembrane,pointing
totransport01'apositivechargeintotheceIl(fig.4a)[44].
Accordingly,in voltage-clampedoocytessulfateinduced
aninwardcurrent(Is).Thus,Na+transportis in excess01'
thenegativechargecarriedby sulfate,indicatingtrans-
port01'at leastthreeNa+ionswith onesulfate(fig.4b).
KineticanalysisrevealedHilI coefficients01'land 3 for
sulfateandNa+,respectively.Theseobservationsuggest
electrogenicotransportof sulfateand Na+with a stoi-
chiometry01'1:3.Experimentswiththiosulfateandselen-
ateindicatethatthecarrieracceptstheseanionswith a
similaraffinityassulfate,whereasphosphateisapparent-
Iynotacceptedbythecarrier.
As expectedfortransport01'a positivechargeintothe
ceIl,Iswasalsoshowntodependonthevoltageacrossthe
membrane,beingincreasedatmorenegativeintraceIlular
TheMoleculesofProximalTubular
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Fig.4.Sulfate-inducedcurrentsinoocytesexpressingtheNaSi-l.
a Superfusionwith Si in thecurrentclampconfigurationcauses
membranedepolarization.b Simplifiedmodelfor Na+/Sicotrans-
port,whichinvolvesbindingof3Na+andoneSiontheluminalside
andtranslocationofthesubstrates10theinsideofthecell.
potentials.In summary,Isshowsanumber01'similarities
to Ip, but alsosomedifferences,suchas insensitivityto
extemalpH withina rangefrompH 6.5to8.5.
Na+IndependentTransportofNeutralandDibasic
AminoAcidsInducedbytheProteinrBAT
Transport01'aminoacidsacrossbrush-bordermem-
branes01'renalproximaltubulesis accomplishedbysev-
eraldistincttransportmechanisms[1].One01'thesetrans-
portsystemsmediatesthesodium-independentreabsorp-
tion01'dibasicandsomeneutralaminoacids.The trans-
port systemis expressednotonly in kidney,but alsoin
intestine,anditspropertiesaresimilarto thesystembO,+
in mouseblastocytes[45].
Recently,a cDNA wasclonedfrom rabbit, rat and
human kidney cortex,which encodesfor the protein
rBAT. rBATinducesuponexpressioninoocytesthesodi-
um-independenttransportof dibasicand someneutral
aminoacidsincludingL-cystine.Theexpressedtransport-
er displayssimilar propertiesto systembO,+[46-50].
rBAT isexpressedinbrush-bordermembranesofboththe
renal proximaltubuleand smaIl intestine[51-54]. A
mutation01'rBAT hasbeendemonstratedto occur in
patientswithclassiccystinuria,an inheriteddisorder01'
epithelialdibasicaminoacidandcystinereabsorptionin
therenaltubuleandgastrointestinaltract[55].
11'Xenopus oocytesexpressingrBAT areexposedto
extraceIlularneutralaminoacidssuchasleucine,they
hyperpolarizeanddisplayatvoltageclampconditionsnet
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Fig.5.Leucine-andarginine-inducedcurrentsinoocytesexpress-
ing the rBAT. a L-Leucineinducesoutwardcurrents,whilean
inwardcurrentis evokedby L-arginine.b Trans-stimulation:ex-
tendedsuperfusionwithL-leucineaugmentsheL-arginineinduced
current.c Simplifiedmodelof rBAT-inducedaminoacidtransport.
Bindingofdibasicandneutralaminoacidstobothanextracellular
andanintracellularbindingsiteresultsinanexchangeoftherespec-
tiveaminoacids.
positivecurrentfromcellto extracellularspace(outward
current;fig.5a)[56].In contrast,if thesameoocytesare
exposedtodibasicaminoacidsin extracellularfluid,they
depolarizeand at voltagec1ampconditionsdisplaynet
positivecurrentintothecell(inwardcurrent).Unlikethe
currentduetotransportofneutralordibasicaminoacids,
thecurrentdirectioninducedby L-histidinecanbe re-
versedbymoderatealterationsof ambientpH. UnlikeL-
arginineandL-IeucinewithpKa valuesaround2and 10,
respectively,thedirectionofL-histidine-inducedcurrents
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canalsobereadilyreversedbychangesin theholding
potential.ThereversalpotentialforL-histidine-induced
currentsalsodisplaysanexpectedpHdependency.
A kineticanalysisrevealsimpleMichaelisMenten
kineticsforbothneutralanddibasicaminoacids.The
affinityof thecarrieris c1eariyhigherfordibasic(haIf-
maximalsaturationat0.01mmol/I)thanforneutralami-
noacids(half-maximalsaturationat0.1mmol/I).
If thecellsareexposedto dibasicaminoacidsfor5
min,theinitiallystronginwardcurrentdecayslowly.
However,outwardcurrentsinducedby neutralamino
acidsareincreasedaftersuchextendedibasicamino
acidperfusioncomparedtothecurrentsbeforesuchtreat-
ment.Conversely,preexposuretoneutralsubstratesofthe
carrierleadstoaugmentedinwardcurrentsuponaddition
of dibasicaminoacids(fig.5b).Theseobservations
pointedtotheexchangerp opertyofthecarrier(fig.5c),
whichwasconfirmedin subsequenttracerstudies[un-
pubI.results].Thecarrierbindsdibasicaminoacidsorthe
neutralaminoacidsleucine,cysteine,etc.,atboththe
intra-andextracellularsides.Theintracellulariybound
aminoacidsisthentransportedinexchangefortheextra-
cellularaminoacid.If theintracellularndextracellular
aminoacidsboundareneutral,theirtransportdoesnot
createanycurrent.Similariy,thetransportofdibasicami-
noacidsinexchangefordibasicaminoacidsiselectrically
silent.Onlyif oneof thetwoaminoacidsexchangedis
dibasicis a currentobserved.Usuallybothneutraland
dibasicaminoacidsareavailableandboundtothecarrier
attheintracellularside.If onlydibasicaminoacidsare
addedto theextracellularspace,an inwardcurrentis
observed,sincepartoftheaminoacidsexchangedforthe
extracellulardibasicaminoacidsareneutral.Conversely,
if onlyneutralaminoacidsareaddedtotheextracellular
side,anetoutwardcurrentisregisteredduetoapropor-
tionofcarriersbindingdibasicaminoacidsattheintra-
cellularside.
In viewof theexchangepropertyof thecarrierthe
questionarisesastothefunctionalsignificanceofthecar-
rier.Theanswermaybequitesimple,sinceinparallelto
therBAT, Na+coupledtransportof neutralaminoacids
guaranteestheefficientreabsorptionftheseaminoacids
andthemaintenanceofthedrivingforceforthecellular
accumulationof dibasicaminoacids.Thetransportof
dibasicaminoacidsbythistransportsystemmaybecon-
sideredtertiaryactive,sincethedrivingforcefor the
transportcomespartiallyfromthechemicalgradientof
neutralaminoacids,whichthemselvesareaccumulated
intothecellbysecondaryactivetransportdrivenbythe
electrochemicalgradientforNa+.
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Conclusions and Future Perspectives [35].sulfate[44],glutamate[57],neutralaminoacids[58]
and GABA [59],but alsoNa+-independentaminoacid
transportvia thesystemsy+[60]andbO.+[56].Attractive
futureprogramsincludetheanalysisof factorsregulating
transportandnaturallyoccurringmutanttransportersfor
changesin theirelectrophysiologicalproperties.
Functionalanalysisofclonedtransportersbyelectro-
physiologicalmeansopensa newdimensionof insight
intothemechanismsoftransport.Theelectrophysiologi-
calapproachallowstheelucidationofalleventsinvolving
movementofcharge.Thisincludeselectrogenicsubstrate
transport,butalsochargemovementsoftheproteinwith-
inthemembraneduringconformationalchanges.Sincein
a singleoocytemultiplexperimentalconditionscanbe
tested,it is mostpowerfulto preciselydefinekinetic
parametersortoidentifyfactorsinhibitingorstimulating
transport.Thetransportersanalyzedinthiswaythusfar
includeNa+coupledtransportofglucose[17],phosphate
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